There is increasing evidence that exposure to air pollutants are associated with human disease and may act through epigenetic modification of the nuclear genome, but there have been few publications describing their impact upon the mitochondrial genome. Mitochondrial DNA may be more susceptible to pollutant-induced changes via increased oxidative stress in the cell, and therefore this field of research is of growing interest. Many techniques employed to study DNA methylation of the nuclear genome are also applicable to mitochondrial epigenetic studies. In this chapter, we describe a protocol for the isolation of mitochondrial DNA from peripheral blood samples and the analysis of 5-methlycytosine content by bisulfite-pyrosequencing.
Introduction
Environmental stressors, such as airborne particulate matters and metals, have been reported to cause increased cellular oxidative stress and are subsequently implicated in aging (1, 2) and disease, including diabetes (3, 4) and neurodegenerative disease (5) . Such associations with disease may arise through the increased oxidative stress directly or indirectly leading to epigenetic changes in the cell (6) . While there have been numerous epigenetic studies over the past decade investigating the association of environmental exposures with nuclear DNA (7) (8) (9) , mitochondrial epigenetics has not been studied well (10) .
Mitochondria are considered to be both a source and a target of cellular oxidative stress (11) . The close proximity of mitochondrial DNA (mtDNA) to the source of reactive oxygen species (ROS) makes mtDNA more vulnerable to oxidative DNA damage. As mitochondria do not contain histone complexes, the field of mitochondrial epigenetics refers only to measuring 5-methylcytosine (5-mC) and 5-hydroxymethycytosine (5-hmC) at CpG or nonCpG sites in mtDNA. The presence of mitochondrial DNA 5-mC and 5-hmC has been increasingly well established recently and has led to several studies investigating its biological function and implication in disease (12) , such as those into neurodegenerative disease (13, 14) , aging (15) , and cervical cancer (16) . Recent work has also demonstrated an effect of air pollutants upon mtDNA 5-mC methylation, which was hypothesized to occur through oxidative stress (17) . However, this field is still in its infancy, and much further work is required to elucidate the impact of exposure to pollutants upon mitochondrial epigenetics.
Most techniques available for the purpose of studying nuclear DNA (nDNA) methylation have been adapted for use with mtDNA, such as immunoprecipitation (18) , mass spectrometry (19, 20) , pyrosequencing (17) , and bisulfite genomic sequencing (21) . Current Infinium Methylation arrays by Illumina are solely designated for detecting nuclear DNA methylation and therefore do not enable the study of mtDNA methylation. Here in this chapter, we will discuss the most sensitive, robust and easy-to-use method, pyrosequencing, that is also the most widely used technique in epidemiological studies into the effect of environmental exposures upon DNA methylation (22, 23 
RBC Lysis Buffer (G-Biosciences, St Louis, MO).

Bisulfite conversion (see Note 3)
1. EZ DNA Methylation ™ Kit (ZYMO RESEARCH, Irvine, CA) (see Note 4).
2.
Thermal cycler (Bio-Rad, Hercules, CA).
1 If DNA has already been isolated using a conventional approach, the sample will contain a mixture of nuclear DNA and mtDNA. In these circumstances, extra care will be required with the design of the mtDNA pyrosequencing assays or other methylation assays. There are a significant number of homologous sequences between nDNA and mtDNA, resulting from the evolutionary origins of mitochondria (24) . These nuclear mitochondrial DNA (numt) sequences will subsequently affect assays designed to study the methylation of mtDNA. To overcome this potential for confounding of results, care should be taken to avoid the consensus sequences between nDNA and mtDNA in designing mtDNA methylation detection assays. 2 There are several commercially available kits for the isolation of mtDNA from tissues and blood. The protocol has to be modified according to the type of tissue isolated, and it is therefore important to receive advice from the technical support from each company. As peripheral blood is the most readily available specimen in epidemiological studies, we will describe a protocol for use with this sample type. 3 The bisulfite conversion process converts unmethylated cytosines to uracil and ultimately to thymine following PCR, while methylated-cytosines remain unmodified. The percentage of methylated residues at any given site in a known sequence can therefore be determined by employing a quantitative approach, such as pyrosequencing, to measure the cytosine:thymine (methylated:unmethylated) ratio. It should be noted that this approach cannot distinguish between 5-mC and 5-hmC. 5-hmC levels in mtDNA can be measured using commercially available kits (e.g. from Epigentek, Zymo Research, and Cambridge Epigenetix). Here, we will describe a standard protocol for bisulfite-converting DNA using the EZ DNA Methylation ™ Kit (Zymo Research). The starting amount of DNA should be optimized for each experiment, with between 20 ng and100 ng of isolated mtDNA commonly used for bisulfite-conversion. It should be noted that the quantity of mtDNA that is isolated is lower than with extractions of nuclear genomic DNA. The integrity of the isolated mtDNA will impact upon the yield from this column-based approach, and therefore also performance of the samples with downstream applications. 4 96-well plate formats are available from Zymo Research.
Methods
MtDNA isolation
Lysis of Erythrocytes
1. Add 0.5 ml whole blood to a 2.0 ml tube containing 1ml RBC Lysis Buffer. Invert the tube to mix and incubate for 5 minutes at room temperature on a shaker (see Note 8).
2. Centrifuge at 2,500 × g for 5-15 minutes and then remove supernatant carefully without disturbing the pellet (see Note 9).
Isolation of mtDNA from the total nucleic acid fraction
1. Add 500 μl of ice-cold 1X SubCell Buffer-II to the pellet. Gently vortex to suspend the cells and incubate on ice for 10 minutes.
2.
Centrifuge at 700 × g for 10 minutes to pellet the nuclei. Transfer the supernatant to a new tube.
3.
Centrifuge the supernatant at 12,000 × g for 15 minutes. The resulting pellet contains mitochondria.
4.
Discard the supernatant and resuspend the pellet in 500 μl of 1X SubCell Buffer-II without BSA.
5.
Centrifuge at 12,000 × g for 10 minutes and remove the supernatant.
6.
Resuspend the mitochondrial pellet in 500 μl Mitochondrial Lysis Buffer and incubate at room temperature for 10-15 minutes.
7.
Add 5 μl LongLife ™ Proteinase K to the tube and mix by inverting the tube 10-20 times.
8.
Incubate at 55°C for at least 2 hours (see Note 10).
9.
Following this, incubate the sample on ice for 1 minute to quickly cool (see Note 11).
10.
Add 100 μl XIT ™ Protein Precipitation Buffer to the sample and mix by inverting the tube 10-20 times.
11. Centrifuge at 14,000 × g for 2 minutes. Carefully transfer the supernatant to a fresh tube (see Note 12).
12.
Add 500 μl isopropanol to the supernatant and mix by gently inverting the sample 30-50 times.
13. Centrifuge at 14,000 × g for 5 minutes.
8 Do not vortex. Ensure the RBC Lysis Buffer is at room temperature. 9 If pellet is not white, repeat steps 1 and 2 with a further 1ml RBC Lysis Buffer. 10 Invert the tube periodically. The incubation can be extended overnight to ensure maximal yield. 11 Do not store the samples on ice for longer than this. 12 The precipitated protein should have formed a tight white pellet (when this is not observed, incubate the sample on ice for 5 minutes and repeat the centrifugation).
14. Discard the supernatant and use a P10 pipette to carefully remove all liquid.
15.
Add 200 μl 70% ethanol and invert the tube twice to wash the pellet.
16. Centrifuge at 14,000 × g for 2 minutes.
17.
Discard the supernatant and drain the tube on a piece of clean absorbent paper.
18.
Allow the tube to air dry for 15 minutes.
19.
Add 50 μl of pre-warmed (room temperature) TE buffer and resuspend the mtDNA (see Note 13).
20.
Store the DNA at 4°C if it is to be used immediately. For long-term storage, store at −20°C or −80°C.
21.
Assess the purity of isolated mtDNA (optional) (see Note 14) (Fig. 1 ).
Bisulfite conversion
1. Add 750 μl water and 210 μl of M-Dilution Buffer to a tube of CT Conversion Reagent (see Note 15).
2.
Mix at room temperature with frequent vortexing or shaking for 10 minutes (see Note 16).
Add 5 μl of M-Dilution
Buffer to the DNA sample and adjust the total volume to 50 μl with water. Mix the sample by pipetting up and down (see Note 17).
4.
Incubate the mtDNA and M-Dilution Buffer sample at 37°C for 15 minutes.
5.
After the incubation, add 100 μl of the prepared CT Conversion Reagent to each mtDNA sample mix.
6.
Incubate the sample in a thermal cycler at 50°C for 12-16 hours followed by 4°C for 10 minutes.
7.
Add 400 μl of M-Binding Buffer to a Zymo-Spin ™ IC Column and place the column into a Collection Tube.
Transfer the sample from
Step 6 into the Zymo-Spin ™ IC Column containing the M-Binding Buffer. Close the cap and mix by inverting the column several times.
13 Optional: incubate at 55-65°C for one hour, followed by an overnight incubation at room temperature to ensure complete resuspension of the genomic DNA 14 In order to confirm that there is no contamination with nuclear DNA, q-PCR can be performed to detect one gene from the nuclear genome (e.g. hemoglobin, beta) and one from the mitochondrial genome (e.g. chrM:3313-3322). Example q-PCR primer sequences for hemoglobin, beta (HBB) are as follows: Forward primer GCTTCTGACACAACTGTGTTCACTAGC; reverse primer CACCAACTTCATCCACGTTCACC. For the mitochondrial-encoded chrM:3313-3322, the following primer sequences can be used: forward primer, CACCCAAGAACAGGGTTTGT; reverse primer, TGGCCATGGGTATGTTGTTA. Standard q-PCR reaction mixes and cycling conditions can be used (e.g. using iQ SYBR Green Supermix, Bio-Rad), along with standard positive (e.g. nDNA) and negative (e.g. no template) controls. Samples of pure mtDNA should display amplification of the mitochondrial-encoded gene and no amplification of the nuclear gene (Fig. 1) . 15 Each 2 ml tube of CT Conversion Reagent is designed for use with 10 separate bisulfite conversion reactions. CT Conversion Reagent is light-sensitive and should be handled accordingly. 16 It is normal to see traces of white undissolved crystals of sodium bisulfite or metabisulfite, and this does not result in incomplete bisulfite conversion later. 17 The quantity of isolated mtDNA is lower than with extractions of nuclear genomic DNA, and therefore the starting DNA input should be optimized for the experiment. We commonly use between 20 ng and 100 ng of mtDNA for bisulfite conversion.
9. Centrifuge at full speed (>10,000 × g) for 30 seconds. Discard the flow-through in the Collection Tube.
10.
Add 100 μl of M-Wash Buffer to the column. Centrifuge at full speed for 30 seconds and discard the flow-through. 13. Discard the Collection Tube and place the column into a 1.5 ml microcentrifuge tube. Add 10 μl of M-Elution Buffer (pre-warmed to 37°C) directly to the column matrix. Incubate for 1 minute at room temperature and centrifuge for 30 seconds at full speed to elute the DNA.
Add 200 μl of M-Desulphonation
14.
The bisulfite-converted DNA should be stored at −20°C or −80°C for longer-term storage (see Note 18).
PCR preparation
1. Add 12 μl of high purity DNase-free water into clean PCR tube.
2.
Transfer 10 μl of PCR Taq mixture to the tube.
3.
Add each 1 μl each of the forward and reverse primers, from working solutions at 10 μM. One of the two primers should be biotin-labeled (see Note 5).
4.
Add 1 μl of bisulfite-converted mtDNA solution into the PCR mixture to make a final volume of 25μl (see Note 19).
5.
Preform the PCR using standard cycling conditions, e.g. 95°C for 5 minutes, 40 cycles of (95°C for 30 seconds, the primer-specific annealing temperature for 30 seconds, 72°C for 1 minute), 72°C for 10 minutes, and 4°C forever.
Pyrosequencing
Pyrosequencing enables the relative quantification of nucleotides in a known sequence, and it is therefore commonly used to analyze DNA methylation and to determine single nucleotide polymorphism (SNP) haplotypes. By a chain of enzymatic reactions, the incorporation of nucleotides into the growing DNA strand releases light that is detected and quantified by a camera. This technique offers a highly sensitive and cost-effective approach to study DNA sequences of <100 nucleotides in length.
18 Frequent freeze-thaw cycles may harm bisulfite-converted mtDNA and so this should be minimized, such as through the aliquoting of the sample.
19 If the yield of PCR products is not sufficient for satisfactory pyrosequencing performance, the input of bisulfite-converted mtDNA can be increased to 2 μl or more.
The methylation of mitochondrial genes can be analyzed with a standard pyrosequencing approach, using either the Q96 or Q24 platform. All solutions (e.g. the PCR products, the pyrosequencing sequencing primer, and sample preparation solutions) should be allowed to reach room temperature prior to starting, the PyroMark PSQ machine should be turned on one hour prior to use, and the heat block set to 80°C.
Immobilization of PCR product to beads
1.
A bead master mix should be made, consisting of 40 μl Binding buffer, 2 μl of Streptavidin Sepharose beads and 28 μl of high-purity water per sample (see Note 20).
2.
Transfer 70 μl of the mix to each well of a 96-well plate that is to be used.
3.
Add 10 μl of PCR products from Section 3.3 into the relevant wells of a 96-well plate to make a final volume of 80 μl (see Note 21).
4.
After sealing the plate with a plastic or foil sheet, incubate the mixture for 10 minutes with vigorous agitation on a shaker to mix the beads and biotin-labeled PCR products at room temperature.
Strand separation
1. Place five of the troughs delivered with the Vacuum Prep Tool/Worktable on the lab bench or on the Vacuum Prep Worktable.
2.
Fill the troughs with approximately 180 ml of 70% ethanol, Wash buffer, and two with high purity water (e.g. MilliQ-grade). Fill the fifth trough with approximately 120 ml of Denaturation solution (see Note 22) .
3.
Ensure the vacuum switch is off, and start the vacuum pump.
Apply vacuum to the Vacuum Prep
Tool by opening the vacuum via the switch ('On'). 
Wash the empty probes of the Vacuum Prep
7.
Make sure that the liquid has been aspirated evenly from all the wells in the plate and that all the beads have been captured on the probe tips. The surface of the remaining solution should be level with or lower than the filter probe tips in the wells. 20 The bottle containing the Streptavidin Sepharose beads should be gently shaken prior to use until a homogenous solution is obtained. 21 The green color of the mix does not interfere with the pyrosequencing process later. Take note of the well position of the samples as this order will be the same as pyrosequencing running order. 22 The Wash buffer is supplied as a 10x solution and should be diluted to a 1x working solution using ultra-pure water. 23 The Streptavidin Sepharose beads sediment quickly and therefore the capturing of the beads must take place within three minutes of the agitation being terminated.
Move the Vacuum Prep
Tool to the trough containing 70% ethanol and let the solution flush through the filters for 5 seconds.
9.
Move the Vacuum Prep Tool to the trough containing the Denaturation solution and flush through the filters for 5 seconds.
10.
Move to the tool to the trough containing Wash buffer and flush through the filters for 5-10 seconds.
11.
To allow the liquid to completely drain from the probes, hold the tool vertically at beyond 90°. Hold this position for a few seconds and then return the tool to the horizontal position.
12.
Close the vacuum on the tool by moving the switch to the 'Off' position.
13.
Release the beads in a PSQ HS 96 Plate, prefilled with 0.3 μM sequencing primer in 12 μl Annealing buffer. Shake the Vacuum Prep Tool while allowing the filter probes to rest on the bottom of the wells (see Note 24).
Primer annealing
1.
After sealing the plate with a plastic or foil sheet, heat the PSQ HS 96 Plate with the samples at 80°C for 2 minutes using the PSQ HS 96 Sample Prep Thermoplate Kit.
2.
Remove the plate from the heating block and let the samples cool to room temperature for 10 minutes.
Sequencing reaction
1.
Create the assay run file using the PyroMark Q96 software.
2.
When creating the file, choose instrument parameters appropriate for the capillary tips to be used (see Note 25).
3.
Fill the PyroMark Q96 HS Capillary Tips with the relevant volumes of nucleotides, enzyme and substrate, as described within the assay run file, and place the HS Capillary Tips Holder in the PyroMark Q96 MD instrument. Check the function of the dispensing tips by running a dispensing test using the test plate.
4.
Following the completion of the 10 minute incubation at room temperature, insert the PSQ HS 96 Plate from Step 19 in the PyroMark Q96 MD instrument and start the run. 24 The probes can be cleaned by flushing through with high purity water and agitating the tool for 10 seconds with the vacuum on. Ensure to release the vacuum once this is completed, and return the tool to the 'Park' station. 25 For capillary dispensing tips, the instrument parameter file is 'Code 005 CDT'. Details of the instrument parameters can be obtained through Qiagen's technical support service.
5.
Once the run has been completed, pyrograms for each sample can be analyzed and the percentage methylation at each interrogated CpG site established (see Note 26) (Fig. 2) .
6.
Run pyrosequencing control oligos to establish the consistency and sensitivity of the assay (optional) (see Note 27) (Fig. 3) . The q-PCR graph shows that isolated mtDNA ('Test') contains no nuclear DNA but does contain mtDNA, as demonstrated by the amplification of the mitochondrial-encoded chrM: 3313-3322 (#3) but not the nuclear-encoded HBB (#4). Positive controls for each of the assays are shown by the #1 and 2 amplification curves. 
